Introduction {#sec1}
============

Polymeric films based on natural/biopolymers are in high demand due to their environmentally friendly nature in contrast to their synthetic or non-biodegradable counterparts, which are associated with several environmental issues like soil degradation, loss of soil fertility, blocking up of drainage and sewerage systems, causing water logging, and the spread of harmful microbes and bacteria. Polymers derived from renewable sources include naturally existing proteins, cellulose, starches, and other polysaccharides, and those synthesized chemically from naturally derived monomers are known as natural/biopolymers. Among all biopolymers, natural starch is one of the leading candidates as it is an abundant and low-cost natural resource for biodegradable polymeric materials. It is a semicrystalline polymer stored in granules as a reserve in most plants and is composed of repeating 1,4-α-[d]{.smallcaps}-glucopyranosyl units of amylose and amylopectin chains.^[@ref1]^ Amylose is primarily a linear molecule with α-1-4-linked glucosyl units. Amylopectin is a highly branched molecule, with (1 → 4)-linked α-[d]{.smallcaps}-glucosyl units in chains joined by (1 → 6) linkages. Generally, amylose has a high tendency to retrograde and produce tough gels and strong films, whereas amylopectin, in an aqueous dispersion, is more stable and produces soft gels and weak films.^[@ref2]^

With necessary modifications or processing, starch can be used as an ideal biopolymer that comes from nature and readily returns to nature. Unfortunately, most of the reported starch-based materials exhibit poor tensile strength, yield strength, stiffness and elongation at break, and water repulsion capacity.^[@ref3],[@ref4]^ It can be processed as a thermoplastic material only in the presence of plasticizers and under the action of heat and shear. Accordingly, many low-molecular-weight materials such as water, ethylenebisformamide, urea, glycerin, ethylene glycol, formamide, sorbitol, and xylitol have been investigated for their plasticizing abilities.^[@ref5]−[@ref8]^ Formulations of thermoplastic starch composite films with poly(vinyl alcohol) (PVA), ethylene--acrylic acid (EAA), polyethylene (PE), polyesters including polycaprolactone and poly(hydroxybutyrate-valerate) (PHBV), and polyamides have been reported. These fabricated composite films generally showed an increase in elongation while decreasing tensile strength and embrittled with age.^[@ref9]−[@ref11]^

Polymer nanocomposite materials are often easy to process and provide property enhancements extending orders of magnitude beyond those realized with traditional polymer composites. Carbon nanotubes (CNTs),^[@ref12]−[@ref14]^ layered silicate clay nanoparticles,^[@ref15]−[@ref17]^ cellulose nanocrystals,^[@ref18]^ graphite nanoflakes,^[@ref19]−[@ref21]^ etc. are the examples of commonly used reinforcements. The use of clay nanoparticles as precursors to nanocomposite formation has been investigated in various polymer systems including starch,^[@ref22]−[@ref24]^ nylon 6,^[@ref25],[@ref26]^ epoxys,^[@ref27]^ polyamides,^[@ref28],[@ref29]^ polystyrenes,^[@ref30]^ polyurethanes,^[@ref31]^ polypropylene,^[@ref32]−[@ref36]^ polyethylene,^[@ref37],[@ref38]^ and so on. Incorporation of nanoclays into starch matrixes may be valued in terms of their superior mechanical and thermal performance for their application as highly competent biodegradable materials. These clays are environmentally friendly, naturally abundant, and economical. Clays are classified into three types according to the type and the relative content of the unit crystal lamellae: 1:1 type (unit lamellar crystal is composed of one crystal sheet of silica tetrahedron combined with one-crystal lamellae of alumina octahedron), 2:1 type (unit lamellar crystal is composed of two crystal sheets of silica tetrahedron combined with one crystal sheet of alumina octahedron between them), and 2:2 type (unit lamellar crystal is composed of four crystal sheets, in which crystal sheets of silica tetrahedron and alumina or magnesium octahedron are alternately arranged).The most commonly used nanoclays for the preparation of polymer nanocomposites belong to the family of 2:1 phyllosilicates and, in particular, smectite clays as they have a unit layer structure in nanodimensions and layers are expandable and easily exfoliated during formation of the nanocomposite. Although there are some reports on starch--clay-based nanocomposite films^[@ref39]−[@ref44]^ in the literature, systematic approaches of using different types of clays and plasticizers to obtain superior starch--clay nanocomposite films are scarce. Even the highly abundant potato starch-based nanocomposite films are not widely investigated. While the reinforcement of nanocomposite films is the key area of interest, a number of other properties including thermal stability, low water absorption capacity, and low crystallinity are required to obtain biodegradable films as alternatives to synthetic plastics.^[@ref45]−[@ref52]^

In this work, an attempt has been made to fabricate starch--clay nanocomposite films by incorporating different types of clay nanoparticles and plasticizers into the potato starch polymer network. A facile and simple solution casting method has been employed for the synthesis of mechanically strong starch-based nanocomposite films, which are comparable to synthetic polymers, for example, polyethylene, polypropylene, polystyrene, poly(ethylene terephthalate), and so on. The physicochemical characteristics including superior mechanical strength, thermal stability, water expulsion capacity, crystallinity, and biodegradability of the synthesized nanocomposite films have been correlated with their morphological and structural changes.

Results and Discussion {#sec2}
======================

The starch granules extracted from potato are round or oval in shape with smooth surfaces and have a wide distribution of sizes ranging from several hundred nanometers to a few micrometers ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Only carbon and oxygen peaks appear in the energy-dispersive X-ray spectrometer (EDS) spectrum where the elemental percentages of carbon and oxygen are found to be 88.90 and 11.10%, respectively. The hydrodynamic radius of extracted potato starch is found to be 302 nm from the dynamic light scattering (DLS) analysis. Strong inter- and intramolecular hydrogen bonds exist in starch molecules. When starch molecules come in contact with water, a strong interaction between the starch and water molecules at the interfaces occurs, which acts like a surfactant to keep starch particles apart and prevent agglomeration and precipitation. The average ζ-potential value for starch granules is −18 mV, which indicates the relatively poor stability of starch particles in water. Nanoclays are very thin and of irregular shapes and their size ranges widely as confirmed from scanning electron microscopy (SEM), DLS, and X-ray diffraction (XRD) analysis. We used two 2:1 type nanoclays, one is montmorillonite and the other one is hectorite, and a 1:1 type kaolinite nanoclay. Montmorillonite is a derivative of pyrophyllite with a 2:1 layer structure consisting of two fused silica tetrahedral sheets sandwiching an edge-shared octahedral sheet of alumina. All positions at the top and base of lattice layers of montmorillonite are completely occupied by oxygen atoms, and these layers are held together by a relatively weak intermolecular force. In a polar solvent, such as water, this intermolecular force is broken and the basal distance of the silicate layers increases by solvation of the cation, leading to exfoliation of silicate layers into individual sheets. The chemical formula of montmorillonite is (Al~3.34~Mg~0.66~)(Si~7.0~Al~1.0~)O~20~(OH)~4~. The SEM image of montmorillonite depicts large aggregation. It contains oxygen, magnesium, aluminum, silicon, and calcium with elemental percentage of 54.41, 0.81, 4.21, 40.23, and 0.33%, respectively, which coincides with its chemical composition. The average hydrodynamic radius of montmorillonite is 300 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The ζ-potential value of montmorillonite is −20.9 mV, indicating its poor stability in water. Hectorite, a 2:1 type smectic clay, is a soft, white clay mineral with a chemical formula of Na~0.3~(Mg, Li)~3~Si~4~O~10~(OH)~2~. The hectorite nanoclay granules usually exist as a sheet in a suitable dispersion medium, but in the powdered form, granules appear as spherical particles ranging from several hundred nanometers to a few micrometers due to the strong aggregation factor. The elemental percentages of oxygen, sodium, magnesium, and silicon in hectorite clay are 38.17, 2.91, 22.64, and 36.27%, respectively, consistent with its chemical composition. The average hydrodynamic radius of hectorite clay in water is found to be 155 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Its ζ-potential value is −32.3 mV indicating the moderate stability of hectorite clay in water. Kaolinite, a 1:1 type of layered mineral, is composed of one tetrahedral sheet and one octahedral sheet. The basal oxygen atoms of the tetrahedral sheet form a hexagonal pattern and the apical or top oxygen atoms of all tetrahedra are perpendicular to the sheet. The tetrahedral and octahedral sheets of kaolinite are connected with shared oxygen atoms. The chemical formula of kaolinite is Al~4~\[Si~4~O~10~\](OH)~8~. The elemental percentages of oxygen, aluminum, silicon, and iron in kaolinite clay are found to be 68.37, 13.35, 18.11, and 0.17%, respectively. Even though it has a high aggregation factor, the average hydrodynamic radius of kaolinite is found to be 250 nm. The ζ-potential value (−28.9 mV) of kaolinite clay indicates its moderate stability in water.

![(a) SEM images of extracted potato starch, montmorillonite nanoclay, hectorite nanoclay, and kaolinite nanoclay. (b) DLS of extracted potato starch, montmorillonite nanoclay, hectorite nanoclay, and kaolinite nanoclay. (c) SEM images of starch--glycerin film, starch--glycerin--montmorillonite nanocomposite film, starch--glycerin--hectorite nanocomposite film, and starch--glycerin--kaolinite nanocomposite film.](ao0c02012_0001){#fig1}

The surface morphology of the starch--glycerin film ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) gives a relatively smooth and continuous layer-by-layer morphology. In the starch--glycerin--montmorillonite nanocomposite film, nanoclay particles are homogeneously dispersed in the film. Better dispersion of clay indicates that exfoliation of clay may be obtained in the nanocomposite film. The plasticizer prevents the clay particles from aggregation owing to its hydrogen-bonding interaction with starch and montmorillonite. The elemental composition of the starch--glycerin--montmorillonite nanocomposite film is carbon, oxygen, sodium, aluminum, silicon, potassium, and calcium with atomic percentage of 78.76, 19.13, 0.25, 0.57, 1.53, 0.26, and 0.21%, respectively, which suggests successful incorporation of montmorillonite in the film. The starch--glycerin--hectorite nanocomposite film exhibits a rough, coral-like, and porous morphology. The clay exists mostly as either single platelets (exfoliation) or stacks of several platelets (intercalation). The elemental percentages of carbon, oxygen, sodium, magnesium, and silicon atoms are 80.29, 19.64, 0.01, 0.03, and 0.02%, respectively, which also confirm homogeneous incorporation of hectorite clay in the starch--glycerin--hectorite nanocomposite film. The layer-by-layer flake-type morphology is distinct for the starch--glycerin--kaolinite nanocomposite film. It contains carbon 80.59%, oxygen 19.19%, aluminum 0.19%, and silicon 0.09% by elemental mass, which also suggests the successful utilization of kaolinite clay to form the starch--glycerin--kaolinite nanocomposite film.

Native potato starch exhibits several characteristic absorption bands; the bands at 2935 and 3450 cm^--1^ correspond to hydroxyl group stretching, at 2924 and 1465 cm^--1^ to CH~2~ stretching, at 1150 cm^--1^ to C--O bond stretching, at 1080 and 1040 cm^--1^ to C--O bond stretching of C--O--C groups in the anhydroglucose unit, and so on ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In addition to the characteristic absorption bands of starch, additional absorption bands at different regions appeared for starch--plasticizer films as water, glycerin, ethylene glycol, sorbitol, and formamide have different hydrogen bond-forming abilities with the anhydroglucose ring of starch. The lower band intensity denotes the stronger interaction between starch and the plasticizer. For example, the characteristic bands of potato starch at 3450 and 1170 cm^--1^ shift toward downward frequency upon addition of glycerin, ethylene glycol, sorbitol, and formamide; the characteristic stretching bands for primary amides (−NH~2~) at 3350 and 3180 cm^--1^ of formamide diminish in the starch--formamide film ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf)). The Fourier transform infrared (FTIR) spectrum of montmorillonite clay shows the characteristic absorption bands at 1100 cm^--1^ (Si--O), 522 cm^--1^ (Al--O), 463 cm^--1^ (Mg--O), 3630 cm^--1^, and 3400 cm^--1^ (OH groups), etc. ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The absorption bands corresponding to montmorillonite become sharp and their intensity increases with increasing loading of clay content in the starch--glycerin--montmorillonite nanocomposite film ([Figures S2--S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf)). The stretching frequencies of hydroxyl groups in hectorite clay give weak sharp bands at 3666 cm^--1^ and a broad band at 3620 cm^--1^. The possible presence of Li and Mg carbonates in non-silicate phases of hectorite was confirmed from a band at approximately 1430 cm^--1^. The Si--O band observed at 1000 cm^--1^ and the Mg--O band observed at around 460 cm^--1^ for hectorite nanoclay become clear with increasing hectorite content in the starch--glycerin--hectorite nanocomposite films. A typical FTIR spectrum of kaolinite gives four bands at 3697, 3669, 3645, and 3620 cm^--1^, respectively; the band observed at 3620 cm^--1^ is due to the inner hydroxyl groups and the other bands are observed due to vibrations of external hydroxyl groups. The absorption bands observed at 1620--2642 cm^--1^ could be assigned to the −OH vibrational mode and the bands between 3450 and 3670 cm^--1^ are attributed to the −OH stretching mode. In the 1000 and 500 cm^--1^ region, Si--O and Al--OH bands are prominent. The absorption band of Al--OH is observed at 910 cm^--1^ and the Al--OH bending vibration bands are observed at 914 and 936 cm^--1^. All of the above-mentioned characteristic bands of kaolinite are also observed in starch--clay--kaolinite nanocomposite films ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![FTIR spectra of starch, montmorillonite, hectorite, kaolinite, starch--glycerin film, starch--glycerin--montmorillonite 2 wt % nanocomposite film, starch--glycerin--hectorite 2 wt % nanocomposite film, and starch--glycerin--kaolinite 2 wt % nanocomposite film.](ao0c02012_0002){#fig2}

The plasticizer interacts with the starch polymer and lowers the intra- and intermolecular hydrogen bonding to increase the polymer mobility. Plasticizers are small in molecular size and hydrophilic, suppress retrogradation, and improve mechanical properties of thermoplastic starch. Glycerin produces a less stiff and highly ductile film compared with other plasticizers such as ethylene glycol, formamide, and sorbitol. This suggests that the starch molecules exist as highly flexible and coiled form while using glycerin, but their tensile strength, toughness, and Young's modulus are not well improved ([Figure S9 and Table S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf)). We, therefore, focused our attention on starch--glycerin-based films with incorporation of three different types of nanoclays to improve these properties ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The mechanical properties of the resulting nanocomposite films are dependent on the state of the nanoclay and starch polymers in the network, that is, whether the starch polymer is in the flocculated, intercalated, or exfoliated state in the network. The mechanical strength of the starch--glycerin--montmorillonite nanocomposite film decreases initially with addition of low percentage of clay and increases at optimum percentage of montmorillonite clay ([Figures S10--S12 and Tables S10--S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf)). Owing to isomorphic substitution between metals, montmorillonite with negative charges can adsorb hydrated cations to enter the interlayer region, which then leads to an increase in the distance between adjacent layers. Accordingly, the whole surface layers including the internal surface and external surface can be hydrated, and the exchange reaction of cations can occur there, leading to the exfoliation and dispersion of the crystal along with starch polymers. The mechanical strength of starch--glycerin--hectorite nanocomposite films drastically increases after addition of hectorite clay compared with the starch--glycerin film. But their Young's modulus, tensile strength, and toughness are relatively low compared to starch--glycerin--montmorillonite films. The starch--glycerin--kaolinite nanocomposite film has intermediate Young's modulus and tensile strength compared with the other nanoclay-based films, but its toughness is the highest irrespective of the kaolinite content. Elongation at break of starch--glycerin--montmorillonite films increases with increasing montmorillonite content. The elongation at break values for the starch--glycerin film, starch--glycerin--montmorillonite 2 wt % film, starch--glycerin--montmorillonite 5 wt % film, and starch--glycerin--montmorillonite 10 wt % film are 445, 725, 650, and 562%, respectively. The elongation at break for the starch--glycerin--hectorite 2 wt % film is 400%, which increases to 666% for the starch--glycerin--hectorite 5 wt % film. If the hectorite content is further increased, elongation at break reduces to 526%, whereas the elongation at break for the starch--glycerin--kaolinite film gradually increases with increasing kaolinite content. The elongation at break values for the starch--glycerin--kaolinite 2 wt % film, starch--glycerin--kaolinite 5 wt % film, and starch--glycerin--kaolinite 10 wt % film are found to be 587, 606, and 655%, respectively. It can be concluded that the elongation at break values of all nanocomposite films are almost similarly high; i.e., irrespective of the nature of incorporated clays, all nanocomposite films are soft, flexible, ductile, and tough. Addition of nanoclays helps to improve the elongation at break of the films, as good dispersion of clay helps the starch polymer to anchor onto the exfoliated clay plates efficiently.

![Stress--strain curves under uniaxial tension and the bar diagrams of Young's modulus, tensile strength, toughness, and elongation at break (%) for (a) starch--glycerin film, starch--glycerin--hectorite 5 wt % film, starch--glycerin--kaolinite 5 wt % film, and starch--glycerin--montmorillonite 5 wt % film and (b) starch--formamide film, starch--glycerin--hectorite 10 wt % film, starch--glycerin--kaolinite 10 wt % film, and starch--glycerin--montmorillonite 10 wt % film.](ao0c02012_0003){#fig3}

The XRD pattern of potato starch shows a characteristic crystalline peak at about 17.05° and amorphous peaks at 19.48, 22.14, and 24°. The amorphous peaks are broad and featureless, which indicates the semicrystalline nature of potato starch, and the XRD pattern of the potato starch matches well with the pattern of maize starch. The average crystallite size of montmorillonite, hectorite, and kaolinite was calculated as 26.1, 6.5, and 25.9 nm, respectively, which are much smaller compared with SEM and DLS values ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}--[6](#fig6){ref-type="fig"}). The XRD patterns of montmorillonite, hectorite, and kaolinite also match well with those of their standard minerals. Upon incorporation of montmorillonite clay into the starch--glycerin film, the intensity of the crystalline peak of montmorillonite clay decreases with increasing clay percentage and the peak completely disappears in the starch--clay--montmorillonite 10 wt % nanocomposite film ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). But the crystalline peaks of montmorillonite are prominent in the starch--glycerin--montmorillonite 2 wt % nanocomposite film, which suggests that the use of 2 wt % montmorillonite is not suitable to obtain good biodegradable starch--glycerin--montmorillonite nanocomposite films. The XRD pattern of hectorite shows characteristic broad peaks at 19.48 and 34.94°, which suggest the semicrystalline and amorphous nature of hectorite nanoclay. Irrespective of the hectorite content (even using 2 wt %), starch--glycerin--hectorite nanocomposite films give highly broad and amorphous peaks, suggesting superior biocleavability ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). On the other hand, the XRD pattern of kaolinite exhibits characteristic crystalline peaks at 12.52 and 24.8° and several amorphous peaks ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The crystalline peaks of kaolinite are not observed in the starch--glycerin--kaolinite 2 wt % nanocomposite film, but crystalline peaks are clearly visible with increasing kaolinite content. At a high kaolinite content, phase separation of kaolinite may have occurred due to the irregular distribution of clay particles inside nanocomposite film networks.

![XRD patterns of starch--glycerin--montmorillonite nanocomposite films with varying montmorillonite amount.](ao0c02012_0004){#fig4}

![XRD patterns of starch--glycerin--hectorite nanocomposite films with varying hectorite amount.](ao0c02012_0005){#fig5}

![XRD patterns of starch--glycerin--kaolinite nanocomposite films with varying kaolinite amount.](ao0c02012_0006){#fig6}

Depending on the relative distribution/dispersion of the stacks of clay platelets, three types of starch--clay nanocomposites are formed: an intercalated nanocomposite, where clay particles get into the polymer, resulting in a well-ordered multilayer morphology; a flocculated nanocomposite, where intercalated stacked clay particles are flocculated; and an exfoliated nanocomposite, where the clay particles are completely homogeneously dispersed in the polymer matrix. Because of the hydrophilic nature of starch, it has good miscibility in water with montmorillonite, hectorite, and kaolinite clays and they can easily intercalate/exfoliate into the interlayers.

The thermal degradation of potato starch and its nanocomposite films occurred in three steps. The first step (50--200 °C) is associated with the loss of water and plasticizer molecules, whereas the second step (200--350 °C) corresponds to the degradation of starch molecules, and the third step (400--900 °C) is assigned to the degradation of the clay ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The decomposition temperature of the starch--glycerin film is 296 °C with an ash residue of 19%, but the starch--glycerin--montmorillonite nanocomposite film decomposes at 306 °C with an ash residue of 14%. All of the montmorillonite nanocomposite films exhibit an increase in the onset and midpoint temperature of degradation relative to starch--glycerin films, which increases with increasing montmorillonite content, indicating enhanced thermal resistance. In the starch--glycerin--montmorillonite nanocomposite film, the content of starch and glycerin is slightly higher than in the starch--glycerin film, which gives a relatively lower ash residue. Hectorite decomposes at 720 °C with an ash residue of 83% at 900 °C. The starch--glycerin--hectorite nanocomposite film (decomposes at 316 °C with an ash residue of 9%) also exhibits better thermal stability compared to the starch--glycerin film. The kaolinite decomposes at two plateau regions; the first decomposition starts at 470 °C, and the second decomposition starts at 790 °C. Only 20% weight loss is observed at 900 °C. The starch--glycerin--kaolinite nanocomposite film decomposes at 311 °C with an ash residue of 13%. The interactions among starch, glycerin, and kaolinite in starch--glycerin--kaolinite nanocomposite films are much stronger than in starch--glycerin films, resulting in better thermal stability of the films.

![(a) Thermogravimetric (TG) curves of starch and montmorillonite, hectorite, and kaolinite based nanocomposite films and (b) DTA curves of starch and montmorillonite, hectorite, and kaolinite based nanocomposite films.](ao0c02012_0007){#fig7}

The water absorption of the starch-based film decreases with the plasticizer addition and further decreases with the addition of clay. With addition of different types of plasticizer such as glycerin, ethylene glycol, sorbitol, and formamide into starch-based films, water absorption is almost the same except for sorbitol, which has the lowest water absorption capacity ([Figures S13--S16](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf)). The water absorption of all nanocomposite films is significantly reduced compared to the starch film, and no appreciable change is observed for starch--glycerin--hectorite, starch--glycerin--montmorillonite, and starch--glycerin--kaolinite nanocomposite films ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Amylopectin of starch is more sensitive to glycerin plasticization than amylose. As amylopectin percentage in potato starch is about 70% in most cases, water absorption significantly decreases to 60%. In addition, the presence of nanoclay directly affects the crystallinity of starch to show low water absorption. The starch film takes up water readily up to 125%, but with addition of glycerin, it reduces to 90% and decreases further with increasing montmorillonite/hectorite content. Owing to the low cation exchange capacity of kaolinite, water molecules cannot enter the interlayer space to behave as a nonswelling type of clay. The presence of kaolinite thus significantly reduces the water uptake percentage of starch--glycerin--kaolinite nanocomposite films. Generally, water absorption through a hydrophilic film depends on both diffusivity and solubility of water molecules in the film matrix. When the nanocomposite structure is formed, the impermeable clay layers mandate a tortuous pathway for water molecules to traverse the film matrix, thereby increasing the effective path length for diffusion. The decreased diffusivity due to the homogeneous mixing of clay with starch in starch--plasticizer--clay nanocomposite films reduced the water absorption capacity. In summary, the native starch film showed the highest water absorption capacity. It decreases with the addition of different plasticizers and further decreases with addition of different types of clays. The water uptake percentage followed the order starch film \> starch--plasticizer film \> starch--glycerin--montmorillonite nanocomposite film \> starch--glycerin--kaolinite nanocomposite film \> starch--glycerin--hectorite nanocomposite film.

![Percentage of swelling ratio in water with time for starch-based films by varying the type of plasticizer and nanoclay.](ao0c02012_0008){#fig8}

Conclusions {#sec3}
===========

In this work, a natural biodegradable polymer starch has successfully been extracted from potato. Different types of plasticizers and various nanoclays were used with extracted potato starch to fabricate starch-based nanocomposite films by a facile and simple solution casting method. Glycerin was the most effective plasticizer for starch--plasticizer composite films, which increased the tensile strength appreciably compared to sorbitol, ethylene glycol, formamide, and other plasticizers. Incorporated clay particles were homogeneously dispersed into starch--plasticizer--clay nanocomposite films to form an intercalated/exfoliated network using optimum percentage of clay. All types of clays such as hectorite, montmorillonite, and kaolinite can significantly improve the mechanical properties, thermal stability, and water resistivity of starch--clay nanocomposite films. Suitable physical interactions and formation of the intercalation or exfoliation network are responsible for these interesting phenomena. The crystalline peaks of potato starch and clays are found to be amorphous peaks in the nanocomposite films, which indicates the superior biodegradable properties of potato starch-based nanocomposite films. Starch--plasticizer--clay nanocomposite films are a valuable addition to the existing film materials and eventually can substitute petroleum-based composite films in numerous applications due to their inherent advantages such as biodegradability, ecofriendliness, low cost, and easy availability. The synthesized starch--clay nanocomposite films are environmentally friendly, which could significantly reduce the negative environmental impact in terms of energy consumption and the greenhouse effect compared with the traditional nondegradable polymeric materials. They may potentially be used as alternatives to synthetic plastic materials, plastic bags, drug delivery systems, smart sensors, fuel cells, and so on.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Montmorillonite (Sigma-Aldrich, Japan), hectorite (Wako, Japan), kaolinite (Fluka, Japan), glycerin (Merck, Germany), sorbitol (Merck, Germany), formamide (Merck, Germany), and ethylene glycol (S.D. Fine Chemicals Ltd., India) were purchased and used as received. Deionized water, unless otherwise noted, was used throughout the work.

Extraction of Starch from Potato {#sec4.2}
--------------------------------

Briefly, 500 g of potato was weighed and cut into very tiny size using a commercially available fine vegetable slicer. Then, 1 L of distilled water was mixed with the paste and stirred properly using a glass rod until water color changed to purple. Then, the liquid portion of the potato juice was separated with a fine mesh, poured into a Petri dish, and kept for 3--4 h at room temperature. Starch particles settled down in the Petri dish. The settled starch particles were washed several times with distilled water and dried at 105 °C in an oven to remove any residual water. The percent yield of the extracted potato starch was 10 wt %. A schematic diagram of extraction of starch from potato is given in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

![Schematic Representation of Preparation of Starch--Plasticizer--Clay Nanocomposite Films](ao0c02012_0009){#sch1}

Preparation of Starch--Plasticizer Composite Films {#sec4.3}
--------------------------------------------------

The extracted starch powder (800 mg) was added into 13 mL of distilled water in a vial. Then, 30 wt % plasticizer (water/glycerin/ethylene glycol/sorbitol/formamide) was mixed in another vial and was added slowly into the starch suspension while stirring. The mixture was heated in an oil bath at 70 °C allowing the gradual evaporation of the solvent. Then the suspension was poured into a polyethylene sheet and vacuum-dried at 40 °C. By maintaining the amount of suspension, the thickness of the starch--plasticizer film can be precisely controlled ([Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf)).

Preparation of Starch--Plasticizer--Clay Nanocomposite Films {#sec4.4}
------------------------------------------------------------

Starch (800 mg) was added into 14 mL of water upon heating. Then, 30 wt % of different types of plasticizers (water/glycerin/ethylene glycol/sorbitol/formamide) was used to improve the compatibility between the hydrophilic starch granules and nanoclay particles. In another container, 2--10 wt % montmorillonite/hectorite/kaolinite nanoclay was dispersed in water using an ultrasonic bath for 30 m and was added slowly into the starch suspension with continuous stirring. The mixture of starch, plasticizer, and nanoclay was stirred constantly for several hours at 70 °C allowing the evaporation of the solvent. The suspension was then poured into a polyethylene sheet and kept under vacuum at 40 °C to obtain starch--plasticizer--clay nanocomposite films ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf)). [Tables S1--S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf) represent the recipes of different types of fabricated potato starch-based nanocomposite films.

Dynamic Light Scattering (DLS) {#sec4.5}
------------------------------

Dynamic light scattering measurements were performed using a Zetasizer Nano ZS from Malvern Instruments to measure the hydrodynamic radius of samples. About 1 wt % aqueous solutions or suspensions of potato starch and montmorillonite, hectorite, and kaolinites clay were prepared and stirred vigorously. The dispersed samples were then sonicated for 30 m and allowed to settle down before measurements. A laser beam of 532 nm wavelength was illuminated on the samples at room temperature for analysis. The intensity fluctuation of the scattered light was analyzed to determine the hydrodynamic radius. The ζ-potential of the samples was measured using a universal dip cell in conjunction with a disposable polystyrene cell.

Scanning Electron Microscopy (SEM) {#sec4.6}
----------------------------------

The surface morphology of the synthesized nanocomposite films was studied by field emission scanning electron microscopy (FE-SEM) using a JEOL JSM-7600F (LabWrench, Japan). The dried and powdered samples were sputtered with platinum to obtain a very thin platinum layer to ensure sufficient conductivity of the sample surface. The microscope was operated at an accelerating voltage of 5.0 kV. The elemental compositions of the samples were determined by an energy-dispersive X-ray spectrometer (EDS) coupled with the FE-SEM.

Fourier Transform Infrared (FTIR) Spectroscopy {#sec4.7}
----------------------------------------------

The infrared spectra were recorded by a Fourier transform infrared spectrophotometer (Frontier FT-NIR/MIR, PerkinElmer) in the region of 4000--400 cm^--1^. The samples were oven-dried at 60 °C and ground in a mortar with a pestle to get the powder. The sample disk was prepared by maintaining the "sample-to-KBr" ratio as 1:100.

Attenuated Total Reflectance (ATR) {#sec4.8}
----------------------------------

The FTIR spectrometer equipped with a horizontal attenuated total reflectance (HATR) cell was used for analyzing strongly absorbing or thick samples. The sample films were cut into a rectangular shape with dimensions 70 mm × 20 mm × 0.1 mm and were then directly placed on a Zn--Se plate before measurements. Each sample was scanned 30 times and the scanning resolution was 4 cm^--1^.

Mechanical Tests {#sec4.9}
----------------

The film samples with dimensions of 70 mm × 20 mm × 0.1 mm were used for uniaxial tensile measurements. The tensile measurements were conducted by a universal testing machine (UTM Instron 3369) at ambient temperature. The load cell used for the tensile test was an Instron static load cell with a 50 kN capacity. The crosshead speed was 2 mm/min. Each specimen was tested at least three times to check the reproducibility. The tensile stress (σ) of the films was obtained from the recorded force and area data, whereas the strain was calculated from the ratio of the change in length (Δ*l*) and the initial length (*l*) of the sample. The Young's modulus, toughness, tensile strength, and elongation at break of the sample films were calculated from the stress--strain curve.

X-ray Diffraction (XRD) {#sec4.10}
-----------------------

An X-ray diffractometer (D8 Advance, Bruker Optik, Ettlingen, Germany) with Cu Kα radiation (λ = 1.5406 Å) and working at 40 kV/40 mA in the range of 10--80° with 0.02° scan step and a 2°/min scanning rate was used. The film samples for XRD were prepared by the solution casting method and cut into a rectangular shape with dimensions 30 mm × 10 mm × 0.1 mm. The XRD diffraction data were analyzed using the diffract plus EVA 16.0 software, and the average crystallite size of starch and nanoclays was determined using the Scherrer equationwhere *t* is the crystallite size, β is the full width at half-maximum of the peak, and *k* is a constant.

Thermogravimetry and Differential Thermal Analysis (TG--DTA) {#sec4.11}
------------------------------------------------------------

TG/DTA data were measured by a DT/TGA 7200 (HITACHI, Japan). For each measurement, about 5 mg of dried and powdered sample was taken in a platinum sample pan and analyzed from room temperature to 900 °C at a heating rate of 10 °C/min under a nitrogen atmosphere.

Nitrogen gas was purged at a flow rate of 20 mL/min.

Water Absorption Test {#sec4.12}
---------------------

A circular piece of 0.1 mm thickness and 12 mm diameter of the film sample was dried in an oven at 105 °C for about 2 h and was immersed in a large amount of deionized water. The film was swelled at room temperature for 1 day and allowed to reach the swelling equilibrium state. The equilibrium swelling ratio or water content is calculated using the following equationwhere *W*~wet~ is the weight of the swollen film after equilibrium and *W*~dry~ is the weight of the dry film. Excess water on the surface of the film samples was wiped off by tissue before taking the weight of samples. Three specimens from each category were tested to check the reproducibility.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02012](https://pubs.acs.org/doi/10.1021/acsomega.0c02012?goto=supporting-info).Recipe for preparation of potato starch-based films (Tables S1--S8); tensile properties of potato starch-based films (Tables S9--S14); schematic representation of preparation of potato starch--plasticizer films (Figure S1); photographs of potato starch-based films (Figure S2); FTIR spectra of potato starch, nanoclay, and their films (Figures S2--S8); stress--strain curves under uniaxial tension for potato starch-based films (Figures S9--S12); percentage of swelling ratio in water with time for potato starch-based films (Figures S13--S16) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02012/suppl_file/ao0c02012_si_001.pdf))
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